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We report on inelastic neutron scattering measurements that find incommensurate itinerant like
magnetic excitations in the normal state of superconducting FeTe0.6Se0.4 (Tc=14K) at wave-vector
Qinc = (1/2 ± , 1/2 ∓ ) with =0.09(1). In the superconducting state only the lower energy part
of the spectrum shows significant changes by the formation of a gap and a magnetic resonance that
follows the dispersion of the normal state excitations. We use a four band model to describe the
Fermi surface topology of iron-based superconductors with the extended s(±) symmetry and find
that it qualitatively captures the salient features of these data.
PACS numbers: 61.05.F-,75.10.-b,75.25.+z,75.30.Et,77.80.Fm,77.84.Bw,75.80.+q
Magnetism is a key ingredient in the formation
of Cooper pairs in unconventional high temperature
superconductors1. A consequence of magnetism and
the symmetry of the superconducting order parameter
is a magnetic resonance that has been detected through
inelastic neutron scattering for a wide range of mag-
netic superconductors ranging from the heavy fermion
systems2,3,4, to cuprates5,6,7,8,9, and more recently in the
iron based superconductors10,11,12. In each class of mate-
rials the features of the resonance in S(Q, ω) are different
and are directly related to the electronic degrees of free-
dom, providing vital clues to the role of magnetic fluc-
tuations in each case. We report inelastic neutron scat-
tering measurements showing that the magnetic excita-
tions in FeTe0.6Se0.4 are incommensurate and itinerant-
like, and that upon entering the superconducting state
only the lower energy part of the spectrum shows sig-
nificant changes by the formation of a gap and a mag-
netic resonance that follows the dispersion of the normal
state excitations. Using a four band model that describes
the Fermi surface topology of iron-based superconductors
and the extended s(±) symmetry, we can qualitatively
describe the salient features of the data. The good agree-
ment between theory and experiment found here may
provide clues to a better understanding of the magnetic
resonance in high-Tc cuprate superconductors.
In cuprate superconductors a magnetic resonance,
whose energy scales with the superconducting energy
gap, is a saddle point of a broader spectrum of magnetic
excitations6,7,8,9. The interpretation of the magnetic res-
onance and its relationship to superconductivity is com-
plicated in the cuprates due to the occurrence of charge
stripes and the pseudogap phase that lead to hotly de-
bated models such as quantum excitations from charge
stripes9, or spin excitons from a particle-hole bound state
of a d-wave superconductor13,14,15.
A far clearer picture has emerged in the iron based
superconductors partly due to their more itinerant na-
ture. It was realized early on that the nesting between
hole and electron Fermi surfaces related by the antiferro-
magnetic wavevector QAF = (pi, pi) in the undoped iron
superconductors, might also be responsible for unconven-
tional superconductivity of the so-called extended s(±)-
wave symmetry16,17,18,19,20. The remarkable feature of
this superconducting order parameter is the different sign
of the superconducting gap on bands that are separated
by QAF can yield a magnetic resonance in the form of
a spin exciton21,22,23,24,25,26,27,28,29 at the same wavevec-
tor.
This picture suggests that the continuum of magnetic
excitations will be gapped in the superconducting state
up to twice the energy of the superconducting gap, 2∆
and that an additional feature, the magnetic resonance
will occur at an energy ~ωres < 2∆. The latter is a con-
sequence of both the unconventional symmetry of the su-
perconducting order parameter which enhances the con-
tinuum at 2∆, and the residual interaction between the
quasiparticles that shifts the pole in the total suscepti-
bility to lower energies. While so far the magnetic reso-
nance has been observed in iron based superconductors
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FIG. 1: Typical INS transverse scans through Q=(1/2,1/2) at
fix ~ω measured from a single crystal of FeTe0.54Se0.46 at 2K
in the superconducting state (a,b) and at 20K in the normal
state (c,d). The solid lines through the data are Gaussian
fits of the magnetic excitations. For clarity, data and fits
are shifted along the y-axis by an arbitrary amounts. The
position of the background for each scan is indicated by a
horizontal line. The black horizontal bar in panel (c) represent
the expected Q-resolution. (e) A map of reciprocal space
used in our work. The red arrow shows the trajectory of the
constant energy scans shown above.
at commensurate wavevectors, the itinerant origin of the
magnetic fluctuations suggests that in the doped super-
conducting compounds, the nesting could be incommen-
surate.
In order to understand the extended magnetic exci-
tation spectrum in iron based superconductors we have
chosen to examine the doped binary superconductor
FeTe0.6Se0.4 with a superconducting Tc=14K, using in-
elastic neutron scattering (INS). The availability of large
and high-quality single crystals and the simplicity of its
crystal structure (tetragonal P4/nmm unit cell30) com-
pared to other iron based superconductors make this sys-
tem attractive for further examination. In this work we
describe the measurements in momentum space in units
of Q=(pi/a,pi/a) while we omit reference to the c-axis di-
rection for clarity as Qz=0 throughout. The portion of
reciprocal space probed is shown in Fig. 1(e), which was
not explored in a previous study12.
FeTe0.6Se0.4 crystallize in a primitive tetragonal struc-
ture P4/mmn, with a=3.80A˚and c=6.02A˚. High quality
single crystal samples of this composition were prepared
as described previously12. Inelastic neutron scattering
measurements were collected using the triple axis spec-
trometer IN8 operated by the Institut Laue-Langevin
(ILL), with the sample mounted with the c−axis ver-
tical giving us access to spin excitations within the basal
ab-plane. The neutron optics were set to focus on a vir-
tual source of 30 mm. Measurements were made with
the (002) reflection of a pyrolytic graphite monochroma-
tor and analyzer with an open/open/open/open config-
uration. A graphite filter was placed after the sample
position. Diaphragms were placed before and after the
sample. Cooling of the sample was achieved by a stan-
dard orange cryostat. Data were collected around the
(1/2,1/2,0) and (3/2,3/2,0) Brillouin zones using a fixed
final wave vector kf of either 2.66 or 4.1 A˚−1.
In the normal state we find steeply dispersive mag-
netic excitations that we have measured up to 80 meV,
Fig. 1(a,b). At higher energies, two excitations are
clearly resolved in the transverse scans. At lower ener-
gies (2-6 meV), the two peaks merge to a broad response,
far wider than the resolution function (∆Q∼ 0.06 r.l.u.
measured on the (200) Bragg peak). These lower en-
ergy data at 20K are best modeled with two excitations
as shown for example for the 6 meV data in Fig. 1(a).
In Fig. 2(a) we show the lower portion of these trans-
verse scans in the normal state as a color map where in
addition we plot as black points the Q-position of the
excitations determined by fitting Gaussian peaks to the
data of Fig. 1. The dispersion of these excitations is lin-
ear up to 80 meV as shown in Fig.3(a), and the points
for the lower energy excitations fall on the same line con-
firming our above analysis. Extrapolating the centers of
these excitations to zero energy, red lines in Fig. 2(a), it
is clear that they do not converge to the commensurate
Q= (1/2, 1/2) wavevector but to the incommensurate po-
sitions of Qinc = (1/2 ± , 1/2 ∓ ) with =0.09(1). We
note that for the FeTe end-compound with lower excess
Fe, static antiferromagnetism appears at Q=(1/2,0)30.
Longitudinal scans (not shown) between 2 and 80 meV
through these spin excitations show that they are well de-
fined isolated maxima and not parts of spin-wave cones as
found in insulators, a conclusion concurred also in other
recent INS measurements31. Therefore, we argue that
magnetic excitations in the normal state of the super-
conductor FeTe0.6Se0.4 consist of a single-lode excitation
continuum from each incommensurate Qinc. This behav-
ior in S(Q, ω) is reminiscent of Fincher-Burke excitations
reported for many itinerant magnetic materials that are
312
10
8
6
4
2
0.70.50.3
12
10
8
6
4
2
0.70.50.3
12
10
8
6
4
2
0.70.50.3
12
10
8
6
4
2
E
n
e
rg
y
 t
ra
n
s
fe
r 
(m
e
V
)
0.70.50.3
12
10
8
6
4
2
0.70.50.3
(a) (b)
(c) (d)
T=20K T=2K
E
n
er
gy
 T
ra
n
sf
er
 !
!
(m
eV
)
("+#, "-#,)
C
o
u
n
ts (p
er ~
8
0
 m
in
s)
FIG. 2: Color maps of the transverse constant energy scans
along (1/2+,1/2-,0) for energy transfers between 2 and 12
meV measured (a) at 20K in the normal state and (b) at 2K
in the superconducting state. Here the measured intensity is
depicted as color. Black points indicate the center of Gaussian
peaks fitted to the experimental data while the red lines illus-
trate the dispersions of these peak centers. In (b) black points
represent centers of Gaussian from the substation shown in
Fig. 3(b). The dispersion of the normal state is reproduced
by red lines in the superconducting state to illustrate that
the the higher energy excitations have not changed their po-
sition below Tc. RPA calculations depicting the magnetic
excitations of the normal and superconducting state based on
the s(±) model of the superconducting order parameter are
shown for the normal state in panel (c) and superconduct-
ing state in panel (d). In (c) we over plot the experimental
paramagnon dispersion while in (d) we show the measurement
incommensurate magnetic resonance excitations as white cir-
cles. The RPA calculations shown here were convoluted with
the instrument resolution function represented as a Gaussian
with FWHM of 1meV in ~ω and 0.06 r.l.u. in Q. The raw
calculation is shown in the Appenix.
close to an antiferromagnetic instability32,33,34,35 and in-
dicates that an itinerant, rather than a local moment
picture is relevant for this superconductor.
Cooling below Tc we find substantial changes to the
lower energy magnetic excitations, while our measure-
ments indicate that the higher energy excitations remain
largely unchanged when compared to the normal state
measurements, see Fig. 1(b,d).40 The most pronounced
changes are in the lower energy part of the magnetic ex-
citation spectrum where the opening of a spin gap and
the development of the magnetic resonance is observed
as shown in Fig. 2(b). Here a spin gap opens below
~ω=4 meV, while there is an enhancement of the spec-
tral weight above the spin gap that peaks at ~ωres=6
meV. At higher energies the spectral weight returns to
approximately the same values as the data found in the
normal state, see Fig. 1. Constant energy scans at the
commensurate position Q=(1/2,1/2) between these dis-
persions also reflect these changes as shown in reference
12.
Although the normal state magnetic excitations extend
from incommensurate points it is important to establish
if the magnetic resonance itself is centered on the com-
mensurate wavevector Q=(1/2,1/2) or if it consists of
two excitations originating from the two incommensu-
rate wavevectors (at Qinc) found in the normal state.
For a more detailed analysis of the Q-scans across the
resonance we subtract the 20K from the 2K data in or-
der to obtain only the magnetic scattering contributing
to the resonance (see below). These data are shown in
Fig. 3(b), while the centers of the resonant excitations
are plotted in Fig. 2(b). Between ~ω=7 and 12 meV,
the data shows well separated resonant excitations that
follow the normal state dispersions, while their inten-
sity decreases with energy transfer giving only a minor
superconducting enhancement at 12 meV. At the reso-
nance, however, ~ωres = 6 meV, a “flat top” excitation
is evident that can be modeled with two incommensurate
peaks at Qres = ( 12 ± , 12 ∓ ) with =0.05(1), a value
that departs slightly from the one found in the normal
state.
The salient point of these measurements is that in the
normal state the magnetic excitations show a behavior
consistent with an itinerant antiferromagnet. The onset
of superconductivity affects only the lower energy mag-
netic excitations and spectral weight is shifted upwards
to follow the normal-state incommensurate wave-vector
dependence except at the spin resonance energy.
Our INS results are qualitatively consistent with the
extended s(±) model of the superconducting order pa-
rameter as we indeed observe the opening of a spin
gap and the enhanced peak just above the gap as ex-
pected. However it is less clear if the magnetic reso-
nance and its spectral weight in S(Q, ω) is consistent
with this model. To clarify this we compute the mag-
netic susceptibility within the four-band model used pre-
viously to describe the Fermi surface topology in iron-
based superconductors27 and use the conventional ran-
dom phase approximation (RPA) which describes the
enhancement of the spin response of a metal in pres-
ence of the moderately strong (interband and intra-
band) repulsive interactions. In Fig. 2(c,d) we show
the results for the total physical RPA susceptibility,
χRPA(q, iωm) =
∑
i,j χ
i,j
RPA(q,iωm), calculated for the
Fermi surface topology that is consistent with ARPES
results on Fe1.03Te0.7Se0.336 as a function of the momen-
tum along the transverse direction (1/2+,1/2-) and ~ω
in the normal (c) and superconducting (d) states (details
of these calculations are presented in the Supplementary
information). In order to simulate the experimental res-
olution we have convoluted the results by the experimen-
tal Gaussian with ∆q = 0.06r.l.u. and ∆ω = 1meV
and the original calculated figures are shown in the Ap-
pendix. Due to the nesting condition41 of one of the
4FIG. 3: (a) Experimental dispersions of the magnetic exci-
tations of FeTe0.6Se0.4 at 20K and 2K determined by fitting
Gaussian peaks to the measured excitations. A linear fit to
the 20K data is illustrated as a red lines. The horizontal er-
rors bars indicate the FWHM of the excitation determined
from a fit of a Gaussian to the data. (b) Difference transverse
INS scans through Q=(1/2,1/2) at various energy transfers
between 6 and 12 meV. Here in order to subtract the param-
agnon scattering in the superconducting state and to obtain
only the magnetic resonant contribution we subtract the data
measured at 20K from the data measured at 2K. Both sets
of data are shown in Fig. 1. The difference is modeled using
two gaussians centered on incommensurate positions and the
fit is shown as a continues line through the data. For the 6
meV data we shown the individual peaks as dashed lines.
hole-bands (α) and the two electron-bands (β) (see Fig. 4
in the Appendix) we find that in the normal state the
spin response shows antiferromagnetic excitations cen-
tered on an incommensurate transverse wavevector with
=0.03. These low-energy magnetic excitations in the
metals, often called paramagnons, result from the prox-
imity of the Fermi surface to a magnetic instability and
in our model we find that they disperse linearly from the
incommensurate wavevectors. While the RPA theory in-
dicates two peaks for each incommensurate wave vector
(counter propagating linearly dispersive modes), only a
single peak is observed experimentally dispersing from
each Qinc wave vector, suggesting stronger electronic
damping than the current RPA treatment, as demon-
strated previously by Moriya et al.33.
In the superconducting state, the magnetic susceptibil-
ity changes due to opening of the superconducting gap
and the corresponding change of the quasiparticle excita-
tions. Here the imaginary part of the bare interband sus-
ceptibility (i.e. without electron-electron interaction that
yields RPA) is gapped for small frequencies and at the
antiferromagnetic wavevector QAF , the value of this gap
is determined as Ωc = min
(|∆k|+ |∆k+QAF |) ∼ 2∆0 ∼
8meV36 where ∆0 is the superconducting gap. Further-
more, above Ωc the imaginary part of the bare interband
susceptibility shows the discontinuous jump implied by
the Bogolyubov coherence factor (1 + ∆k∆k+QAF|∆k||∆k+QAF |
) and
the condition ∆k = −∆k+QAF . The latter is true for the
s±-wave symmetry of the superconducting order param-
eter. Correspondingly, the real part of the bare suscep-
tibility is positive, diverges logarithmically at Ωc = 2∆0,
and scales as ω2 at small frequencies27. Then, switching
on the electron-electron interactions, we find within RPA
that for any positive value of the interband interaction
the total (RPA) spin susceptibility acquires a pole or spin
exciton below Ωc with infinitely small damping. There-
fore, other than the gapping of the spin spectrum, the
most salient point of our analysis is that it predicts a spin
exciton at ~ωres ≈ 6meV in the superconducting state
that is located at the same incommensurate wavevectors
as paramagnons in the normal state, a feature that is
clearly found in our INS data. We stress here that the
spin exciton is a property of the superconducting state
and requires opposite sign of the superconducting order
at the corresponding wave vector, i.e. ∆k = −∆k+QAF .
We remark that the actual spin gap in the neutron spec-
trum is smaller than 2∆0 which is again a consequence of
the spin exciton formation in the superconducting state.
Our itinerant RPA like description is obviously not suf-
ficiently accurate to describe all the detailed features of
the spin excitation spectrum. For example, the value for
the incommensurability  is smaller than the experimen-
tally observed and the dispersion of the paramagnons are
steeper than observed as shown in Fig 2(c). Neverthe-
less, our treatment captures the key points of the data,
these being the incommensurate paramagnon excitations,
the emergence of the spin gap and the superposition of
the exciton in the superconducting state onto the para-
magnon scattering.
At this point it is tempting to compare the structure
in S(Q, ω) of the magnetic resonance between the iron
based superconductors and the cuprates. We argue that
there are two basic differences. First, in the iron based
compounds the superconducting gap is almost constant
at each of the Fermi surfaces, though the magnitude
of the gap may differ on each of the pockets. There-
fore, the resonance is not expected to show any addi-
tional features like a downward dispersion, as found in
the cuprates. Secondly, in the iron based superconduc-
tors the main electronic interactions are local (weakly
momentum-dependent) and smaller than the bandwidth.
The resonance in the superconducting state is an addi-
tional feature to the initial structure of the magnetic sus-
ceptibility in the normal state, determined by the nesting
the Fermi surface pockets. Once the nesting is incom-
mensurate the resonance also shifts to the incommensu-
rate wavevectors as we demonstrate in our measurements.
To confirm this we have checked that if the nesting is re-
stored the resonance returns to be fully commensurate.
This is in contrast to the cuprates where the Fermi sur-
face is far from being nested and the maximum inten-
sity at (pi, pi) of the spin response is a consequence of the
5momentum-dependent strong superexchange interaction.
We note that there are intriguing similarities be-
tween this iron superconductor and the rare-earth-
and actinide-based superconductors UPd2Al337,38,39,
CeCu2Si23 and CeCoIn54. In all three compounds the
magnetisation dynamics in the normal state are modu-
lated in S(Q, ω). In the superconducting state (i) the
low energy response is suppressed by the formation of a
gap, (ii) a ’resonance’ is formed at energies related to the
superconducting gap energy and (iii) the higher energy
dynamic response remains unchanged. In this iron su-
perconductor Tc is much higher than the rare-earth- and
actinide-based superconductors making this behavior far
clearer to observe.
To summarize, we find using inelastic neutron scatter-
ing that in the FeTe0.6Se0.4 superconductor the magnetic
resonance appears superimposed at the incommensurate
wavevector as paramagnon excitations found in the nor-
mal state. Our simple RPA model of the magnetic exci-
tations on the basis of the s(±) symmetry of the super-
conducting order parameters can qualitatively reproduce
the main features of the neutron scattering data. The
agreement supports an itinerant character of the spin
excitations in iron-based systems and a spin spectrum
determined by the single poles of Imχ with no extra con-
tributions from localized moments. The success of this
model stands in sharp contrast to the uncertainties still
faced to fully understand the magnetic resonance in the
cuprates.
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I. APENDIX
A. Theoretical Calculations
The band structure calculations as well as the ARPES
measurements show that the Fermi surface of iron-based
superconductors consists of two hole (h) pockets centered
around the Γ = (0, 0) point and two electron (e) pockets
centered around the M = (pi, pi) point of the folded Bril-
louin Zone (BZ)17. We model the resulting band struc-
ture by using the following single-electron model Hamil-
tonian
H0 = −
∑
k,α,σ
inkiσ −
∑
k,i,σ
tikd
†
kiσdkiσ, (1)
where i = α1, α2, β1, β2 refer to the band indices,
i are the on-site single-electron energies, tα1,α2k =
tα1,α21 (cos kx + cos ky) + t
α1,α2
2 cos kx cos ky is the elec-
tronic dispersion that yields hole pockets centered around
the Γ point, and tβ1,β2k = t
β1,β2
1 (cos kx + cos ky) +
tβ1,β22 cos
kx
2 cos
ky
2 is the dispersion that results in the
electron pockets around the M point. This model has
been used previously to fit the available ARPES data36
in optimally doped Ba0.6K0.4Fe2As2. It has been found
recently36that the Fermi surface and the correspond-
ing electronic structure of Fe1.03Te0.7Se0.3 is very simi-
lar to the 122 compounds except for the different level
of nesting. To account for this change we use the
following parameters [(i, ti1, t
i
2)] (−0.26, 0.16, 0.052) and
(−0.18, 0.16, 0.052) for the α1 and α2 bands, respec-
tively, and (0.68, 0.38, 0.8) and (0.68, 0.38,−0.8) for the
β1 and β2 bands, correspondingly (all values are in eV).
This parametrization is almost the same as the one for
Ba0.6K0.4Fe2As236 though the slightly different on-site
energies and different parametrization of the α2 band
have been used to ensure the incommensurate nesting
wave vectors between α and β-bands.
Next we consider the one-loop contribution to the spin
susceptibility that includes the intraband and the inter-
band contributions:
χij0 (q, iωm) = −
T
2N
∑
k,ωn
Tr
[
Gi(k + q, iωn + iωm)Gj(k, iωn)
+ F i(k + q, iωn + iωm)F j(k, iωn)
]
(2)
where i, j again refer to the different band indices. Gi
and F i are the normal and anomalous (superconducting)
Green functions, respectively.
For the four-band model considered here the effective
interaction will consist of the intraband and interband
0 Π
0
Π
kx
k y
!
M
X
FIG. 4: Calculated Fermi surface topology for the four-
band tight-binding Hamiltonian, Eq.(1). The circular pockets
around the Γ−point refer to the hole α-bands, and ellipses
arise due to electron β-bands and are centered around the
M -point.
6repulsion denoted by U and J , respectively. Within RPA
the spin response can be written in a matrix form:
χˆRPA(q, iωm) = [I− Γχˆ0(q, iωm)]−1 χˆ0(q, iωm) (3)
where I is a unit matrix and χˆ0(q, iωm) is 4 × 4 matrix
formed by the interband and intraband bare susceptibil-
ities determined by Eq. (2). The vertex is given by
Γ =
 U J/2 J/2 J/2J/2 U J/2 J/2J/2 J/2 U J/2
J/2 J/2 J/2 U
 , (4)
and we assume here J = 0.05eV and U ∼ 0.13eV. Note
that the value of U was chosen in order to stay in the
paramagnetic phase.
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FIG. 5: Calculated (q, ω) mesh of the physical spin suscepti-
bility in the normal (a) and superconducting (b) state without
taking into account the resolution function.
The results are shown in Fig.5 where one clearly finds
the incommensurate response in both normal and super-
conducting state.
∗ Electronic address: argyriou@helmholtz-berlin.de
† Electronic address: ieremin@mpipks-dresden.mpg.de
‡ Electronic address: wbao@ruc.edu.cn
§ Present address: Department of Physics, University of
Florida, Gainesville, Florida 32611, USA
1 A. Chubukov, D. Pines, and J. Schmalian, Unconventional
superconductivity Vol. 2, p. 1349, 2007.
2 A. Hiess, N. Bernhoeft, N. Metoki, G. H. Lander,
B. Roessli, N. K. Sato, Y. H. N. Aso, Y. Koike, T. Ko-
matsubara, and Y. Onuki, J. Phys: Cond. Matt. (topical
review) 18, R437 (2006).
3 O. Stockert, J. Arndt, A. Schneidewind, H. Schneider,
H. Jeevan, C. Geibel, F. Steglich, and M. Loewenhaupt,
Physica B 403, 973 (2008).
4 C. Stock, C. Broholm, J. Hudis, H. J. Kang, and C. Petro-
vic, Phys. Rev. Lett. 100, 087001 (2008).
5 J. Rossat-Mignod, L. Regnault, C. Vettier, P. Bourges,
P. Burlet, J. Bossy, J. Henry, and G. Lapertot, Physica C
185-189, 86 (1991).
6 H. F. Fong, P. Bourges, Y. Sidis, L. P. Regnault, A. Ivanov,
G. D. Gu, N. Koshizuka, and B. Keimer, Nature 398, 588
(1999).
7 H. F. He, P. Bourges, Y. Sidis, C. Ulrich, L. P. Reg-
nault, S. Pailhe´s, N. S. Berzigiarova, N. N. Kolesnikov,
and B. Keimer, Science 295, 1045 (2002).
8 S. M. Hayden, H. A. Mook, P. Dai, T. G. Perring, and
F. Dog˘an, Nature 429, 531 (2004).
9 J. M. Tranquada, H. Woo, T. G. Perring, H. Goka, G. D.
Gu, G. Xu, M. Fujita, and K. Yamada, Nature 429, 534
(2004).
10 A. D. Christianson et al., Nature 456, 930 (2008).
11 M. D. Lumsden et al., Phys. Rev. Lett. 102, 107005 (2009).
12 Y. Qiu et al., Phys. Rev. Lett. 103, 067008 (2009).
13 K. Maki and H. Won, Phys. Rev. Lett. 72, 1758 (1994).
14 P. Monthoux and D. J. Scalapino, Phys. Rev. Lett. 72,
1874 (1994).
15 J.-P. Ismer, I. Eremin, E. Rossi, and D. K. Morr, Phys
Rev Lett 99, 047005 (2007).
16 I. Mazin and V. Yakovenko, Phys Rev Lett 75, 4134
(1995).
17 I. I. Mazin, D. J. Singh, M. D. Johannes, and M. H. Du,
Phys Rev Lett 101, 057003 (2008).
18 A. V. Chubukov and L. P. Gor’kov, Phys Rev Lett 101,
147004 (2008).
19 A. Chubukov, D. Efremov, and I. Eremin, Phys Rev B 78,
134512 (2008).
20 S. Graser, T. A. Maier, P. J. Hirschfeld, and D. J.
Scalapino, New J Phys 11, 025016 (2009).
21 A. Abanov and A. Chubukov, Phys Rev Lett 83, 1652
(1999).
22 J. Brinckmann and P. Lee, Phys Rev Lett 82, 2915 (1999).
23 Y.-J. Kao, Q. Si, and K. Levin, Phys Rev B 61, R11898
(2000).
24 D. Manske, I. Eremin, and K. Bennemann, Phys Rev B
763, 054517 (2001).
25 M. Norman, Phys Rev B 61, 14751 (2000).
26 A. Chubukov, B. Janko´, and O. Tchernyshyov, Phys Rev
B 63, 180507 (2001).
27 M. M. Korshunov and I. Eremin, Phys Rev B 78, 140509
(2008).
28 K. Seo, C. Fang, B. A. Bernevig, and J. Hu, Phys Rev B
79, 235207 (2009).
29 T. A. Maier, S. Graser, D. J. Scalapino, and P. Hirschfeld,
Phys Rev B 79, 134520 (2009).
30 W. Bao et al., Phys. Rev. Lett. 102, 247001 (2009).
31 M. D. Lumsden et al., arXiv cond-mat.supr-con (2009),
0907.2417v1, 19 pages, 5 figures.
32 E. Fawcett, Rev. Mod. Phys. 60, 209 (1988).
33 W. Bao, C. Broholm, J. M. Honig, P. Metcalf, and S. F.
Trevino, Phys. Rev. B 54, R3726 (1996).
34 W. Bao, Y. Chen, K. Yamada, A. T. Savici, P. L. Russo,
J. Lorenzo, and J.-H. Chung, Phys. Rev. B 76, 180406(R)
(2007).
35 H. Kadowaki, K. Motoya, T. J. Sato, J. Lynn, J. A.
Fernandez-Baca, and J. Kikuchi, Phys. Rev. Lett. 101,
096406 (2008).
36 K. Nakayama et al., arXiv cond-mat.supr-con,
0907.0763 (2009), 0907.0763v1, 5 pages, 4 figures.
37 N. Metoki, Y. Haga, Y. Koike, and Y. Onuki, Phys. Rev.
Lett. 80, 5417 (1998).
38 N. Bernhoeft, N. Sato, B. Roessli, N. Aso, A. Hiess, G. H.
Lander, Y. Endoh, and T. Komatsubara, Phys. Rev. Lett.
81, 4244 (1998).
39 N. K. Sato, N. Aso, K. Miyake, R. Shiina, P. Thalmeier,
G. Varelogiannis, C. Geibel, F. Steglich, P. Fulde, and
T. Komatsubara, Nature 410, 340 (2001).
40 We also note that the compositional dependence of these
higher energy excitations appears also to be weak as shown
in reference31.
41 i.e. εαk = −εβk+QAF
